Introduction
Human neurodevelopment is a complex process and the neurulation starts as early as 2 weeks of gestation (Rice and Barone, 2000) . Fetal life is a particularly vulnerable period to the influence of environmental factors on brain function and neurodevelopment later in life (Stiles and Jernigan, 2010) . A growing body of evidence has revealed that early life exposure to endocrine disrupting chemicals (EDCs), such as phthalates and bisphenol A, can affect child neurodevelopment (Schug et al., 2015) . However, limited epidemiologic studies have investigated the associations of prenatal exposure to benzophenones (BPs), parabens, and triclosan (TCS) with child neurodevelopment.
BPs (sunscreens for the protection of skin and hair from UV irradiation), parabens (a family of esters of p-hydroxybenzoic acid, preservatives in cosmetics, pharmaceuticals, foods, and beverages), and TCS (a broad antibacterial agent), are widely used in various personal care products (Boberg et al., 2010; Kim and Choi, 2014; Wang and Tian, 2015; Witorsch, 2014) . These potential EDCs have been detected in umbilical cord blood and amniotic fluid, indicating that these chemicals can be transferred into the fetal environment through the placenta (Krause et al., 2018; Philippat et al., 2013; Pycke et al., 2015; Vela-Soria et al., 2011; Zhang et al., 2013) . Exposure to EDCs during pregnancy may affect thyroid or gonadal hormones or neurotransmitter systems, which are necessary for brain development, leading to irreversible changes on neurodevelopment later in life (Braun, 2017; Schug et al., 2015; Stiles and Jernigan, 2010) . Animal studies have observed that prenatal exposure to parabens induced neurodevelopmental disorders and affected adult social recognition and learning abilities (Ali and Elgoly, 2013; Kawaguchi et al., 2009; Kawaguchi et al., 2010) . In humans, according to the mother-boy cohort study in France, Philippat et al. (2017) and Nakiwala et al. (2018) used spot maternal urine samples to estimate the associations of exposure to the environmental phenols (benzophenone-3 (BP-3), parabens and TCS) during pregnancy with boy's behaviors and intelligence quotient (IQ), respectively. Three other studies have estimated the associations of exposure to TCS during pregnancy and childhood neurodevelopment (Braun et al., 2017a; Etzel et al., 2018; Jackson-Browne et al., 2018) . However, no previous epidemiological study has explored the possible neurodevelopment impacts of other two BP derivatives, such as benzophenone-1 (BP-1), and 4-hydroxybenzophenone (4-OH-BP), which possess stronger estrogenic activity than BP-3 (Kunisue et al., 2012) . Further, there is no previous study assessing the relationship of parabens with neurocognitive development among girls.
Urinary concentrations of BPs, parabens and TCS are commonly used as biomarkers for exposure assessment in epidemiological studies, since urine is the primary elimination route of the phenols in humans (Lu et al., 2017) . As the short half-lives of these phenols in the human body, single measurement may not accurately reflect the exposure over the course of pregnancy (Engel et al., 2014; Smith et al., 2012) . In the present study, we explored the relationships of repeated measurements of urinary BPs, parabens and TCS and across pregnancy (1st, 2nd and 3rd trimester) with children's neurocognitive ability at 2 years of age based on a prospective prenatal cohort in China. Considering that prenatal exposure to EDCs may lead to the increased prevalence of neurodevelopmental disorders that present with a sex difference (Rebuli and Patisaul, 2016) , we further explored the potential sex difference in the effects of the environmental phenol exposures on neurocognitive ability among children.
Methods

Study population
Data for the present study was drawn from the ongoing longitudinal prenatal cohort in Wuhan, China. The pregnant women were recruited at the time of first antenatal examination at Wuhan Women and Children Medical Care Center (WWCMCC). The pregnant women were eligible for participation if they were < 16 weeks pregnant with a single gestation, resided in Wuhan city, and were willing to give birth in the research hospital. The study procedures were approved by the ethics committees of WWCMCC and School of Publlic Health, Tongji Medical College, Huazhong University of Science and Technology. Informed consent was signed by the pregnant women deemed eligible for this prenatal cohort. Between 2014 and 2015, we initially recruited 1244 pregnant women in this cohort, and 388 women without a complete serial of urine samples in three trimesters were excluded. Among 856 women who had three urine samples in the three trimesters, a total of 478 children have completed the Bayley Scales of Infant Development (BSID) assessments. Few Chinese pregnant women smoke or drink and usually quit smoking and drinking during pregnancy (Song et al., 2018) . We further excluded the mothers who reported smoking or drinking during pregnancy (n = 1), and the children whose information on the breast-feeding status were missing (n = 1). The final study population of the present study included 478 mother-child pairs.
Data collection
Maternal data including age, education, household income, smoking, drinking, passive smoking and folic acid supplement during pregnancy were collected through the face-to-face interviews in hospital before delivery. Weight and height of mothers before pregnancy were obtained from the perinatal database of the study hospital to calculate pre-pregnancy body mass index (BMI). The data about mothers' history of gestation and the information of newborns (including child sex, birth weight and gestational age) were abstracted from the medical record at birth. The breast-feeding status was obtained from the mothers' questionnaires during the follow-up of children at 1, 6, 12 and 24 months of age.
Exposure assessment for urinary BPs, parabens and TCS
Three spot urine samples collected from per participant in the first (13.0 ± 1.2 weeks), second (23.6 ± 3.4 weeks) and third (36.1 ± 3.3 weeks) trimester during pregnancy. The samples were separated into 5 mL polypropylene tubes and stored at −20°C. Three BP derivatives (BP-1, BP-3 and 4-OH-BP), five parabens (methyl paraben (Mep), Ethyl paraben (Etp), Propyl paraben (Prp), Butyl paraben (Bup), benzyl paraben (Bzp)) and TCS were quantified by using ultra-high performance liquid chromatography coupled to a triple quadrupole mass spectrometer. The analytical methods have been described before (Zhao et al., 2017) . We replaced values below the limit of detection (LOD) with the LOD divided by √2 for statistical analyses. Specific gravity (SG) of urine measured by a handheld digital refractometer (Atago Co., Ltd., Tokyo, Japan), was used to adjust for urinary dilution, the formula was as follows: Pc = P [(SG M − 1) / (SG − 1)], where Pc represents the SGadjusted concentration (μg/L), P represents the measured concentration (μg/L), and SG M represents the median SG level of each trimester.
Assessment of child neurocognitive development
At the age of 24 months (range 23-26 months), the participating children were given the BSID conducted by certified psychologists at the study hospital in the presence of the primary caregivers. The BSID provides two main scales: the mental development index (MDI) to assess cognition, language and social development, and the psychomotor development index (PDI) to assess gross (crawling, sitting, walking) and fine (isolation of fingers, grasping) motor skills (Bayley, 1969) . The scales have been formally adapted to the Chinese language and locally standardized to become culturally appropriate (Yi et al., 1993) . All BSID assessments were standardized for the children's age. The raw scores were converted to a standardized scale with an average of 100 and standard deviation of 15, with a lower score reflecting poorer performance. Quality control checks were conducted by reviewing videotaped evaluations.
Statistical analysis
All analytes were log 2 -transformed to approximate a normal distribution. The one-way analysis of variance and followed by a least significant difference test were performed to compare MDI and PDI among different characteristic categories. The BP sum (ΣBPs) was calculated by the sum of molar concentrations of three BP derivatives, and the paraben sum (Σparabens) was calculated by the sum of molar concentrations of five parabens. The point estimates and 95% confidence intervals (CIs) for intraclass correlation coefficient (ICC) were calculated by using each log 2 -transformed SG-adjusted concentration of urinary analytes to examine temporal variability in the first, second, and third trimester. As BPs, parabens and TCS have short half-lives and may fluctuate over time, we calculated geometric mean (GM) of SGadjusted levels from three trimesters to represent the average prenatal exposure. Bup and Bzp which were detected less frequently (< 50%) of urine samples were not included in the statistical analysis for the associations with BSID results.
The 3-knot restricted cubic polynomial splines were used to describe the shape of the associations between prenatal continuous BP, paraben and TCS concentrations and children's BSID results. The spline models showed linear associations of prenatal urinary BP derivative, paraben and TCS concentrations with children's MDI or PDI scores (all nonlinear term P-values > 0.05). Thus, using the multivariate linear regression models, we examined the relationships of the average prenatal exposure to BPs, parabens and TCS with the MDI or PDI scores at 2 years, separately. To examine windows of vulnerability to exposure during pregnancy, generalized estimating equations (GEE) were used to examine the relationships of three repeated measures of BP, paraben and TCS concentrations over trimesters with BSID results to jointly evaluate the exposure-outcome relationships at each trimester (Sanchez et al., 2011) . We used a score type test to allude to the interaction between exposure levels and timing of exposure and the interaction effects were considered to be evident when P int-trimester ≤0.10. We identified confounders based on the following criteria: altering the main parameter estimates by > 10%, or being reported to be associated with child neurocognitive development, but not those that were causal intermediates in the relationship between exposure and outcome. The covariates (maternal education, and child sex) were selected based on the criteria that they altered the main parameter estimates by > 10% were included in the adjusted models. Covariates that have been associated with child neurocognitive development, such as maternal age (Kawakatsu et al., 2012) , pre-pregnancy BMI (Hinkle et al., 2012) and passive smoking during pregnancy (Tanaka et al., 2016) ) were also included in the final models. We finally adjusted for potential confounders, including continuous variables, such as maternal age and prepregnancy BMI, and categorical variables, such as maternal education (≤high school, college, or ≥bachelor's degree), child sex (male or female) and passive smoking during pregnancy (yes or no). In sex-stratified analyses, the covariates above were kept except child sex. We considered modification to be present when the exposure × child sex Pvalue was ≤0.10 (Rothman and Greenland, 1998) .
All the statistical analyses were performed by SAS (SAS Institute Inc., Carry NC, USA; version 9.4). We set statistical significance at P < 0.05 for main effects and P < 0.10 for interaction effects between child sex and timing of BP, paraben and TCS exposures.
Results
Of the 478 mother-child dyads in the present study (Table 1) , slightly more than half of children were male (53.4%). Mothers were predominantly with a bachelor's degree or above. Most mothers (72.7%) breastfed their children for > 6 months. Compared with participates excluded from the present study, the current study population were more likely to be exposure to passive smoking during pregnancy and be nulliparous (Table S1 ). The mean MDI score for all the children was 105.5 and the mean PDI score was 106.2. Children whose mothers had more than high school education had higher MDI scores than those high school or less educated (105.8 for college and 107.8 for bachelor's degree or more vs. 99.6 for high school or less educated, P = 0.01). Besides, the MDI scores of the girls were significantly higher than that of the boys (110.0 vs. 101.5, P < 0.01). Children who were breastfed for > 6 months had higher MDI scores than those were breastfed for < 3 months (107.1 vs. 99.8, P = 0.04). Table 2 shows the distribution of SG-adjusted urinary concentrations of BPs, parabens and TCS in the 1st, 2nd, and 3rd trimester and average during pregnancy. ICCs for three BPs, Mep, and TCS concentrations in spot urines sampled during three trimesters were between 0.44 and 0.52, showing the fair temporal reliability, while ICCs for Etp and Prp were < 0.4, showing the poor temporal reliability.
The associations of average prenatal exposure to BPs, parabens and TCS with MDI are present in Table 3 . Among all children, in adjusted models, no significant associations were observed between average prenatal urinary BP derivative, paraben and TCS concentrations and children's MDI. In analyses stratified by children's sex, inverse associations of log 2 -transformed urinary paraben concentrations with children's MDI scores were only observed among girls [−1.08 (95% CI: −2.10, −0.06) and −1.51 (95% CI: −2.69, −0.32) for Mep and Σparabens, respectively], but not boys [−0.24 (95% CI: −1.46, 0.99) and 0.18 (95% CI: −1.28, 1.64) for Mep and Σparabens, respectively]. However, the effect modification by child sex was not significant for both Mep and Σparabens (P sex-int = 0.37 and 0.10). In trimester-specific analyses of phenol exposures and children's MDI ( Fig. 1 and Table S2 ), we observed significant inverse associations between paraben exposures and MDI among girls only in the second trimester [−0.99 (95% CI: −1.75, −0.23) for Mep, −0.86 (95% CI: −1.61, −0.11) for Etp, −0.76 (95% CI: −1.48, −0.03) for Prp and −1.55 (95% CI: −2.46, −0.64) for Σparabens], but no significant associations were found in the first or third trimester. Tests of varying exposure effects were significant for Mep and Σparabens (P trimester-int = 0.02 and < 0.01). We also found that a doubling of third-trimester urinary TCS levels was significantly associated with a 1.08 decrease (95% CI: −1.89, −0.27) in MDI only among girls. The association significantly differed by the time of exposure (P trimester-int = 0.05). No significant associations were found between BPs and MDI in trimester-specific analyses.
The associations of the average prenatal exposure to BPs, parabens and TCS with PDI are present in Table 4 . Among all children, in adjusted models, a doubling of urinary 4-OH-BP levels was related to 1.48 scores decrease in children's PDI (95% CI: −2.56, −0.41). In analyses stratified by children's sex, a significant interaction was observed between children's sex and 4-OH-BP exposure on child psychomotor development (P sex-int = 0.01). The inverse association was observed only among boys [−2.96 (95% CI: −4.48, −1.45)], but not girls [−0.07 (95% CI: −1.57, 1.43)]. We found no significant association of the average prenatal paraben and TCS exposures with PDI scores. In trimester-specific association analyses of phenol exposure and children's PDI (Fig. 2 and Table S3 ), significant inverse associations were observed between urinary 4-OH-BP concentrations and PDI among boys [−1.43 (95% CI: −2.62, −0.25) in the first trimester, −1.58 (95% CI: −2.71, −0.44) in the second trimester, and −2.12 (95% CI: −3.30, −0.95) in the third trimester]. The association between maternal urinary 4-OH-BP concentrations and PDI significantly differed by three trimesters (P trimester-int < 0.01). A slight positive association was observed between first-trimester urinary Etp concentration and girls' PDI [0.65 (95% CI: 0.00, 1.30)], but the tests of varying exposure effects were not significant (P trimester-int = 0.20). We found no significant association between other parabens and PDI. In addition, we found that a doubling of second-trimester urinary TCS levels was significantly associated with a 0.95 decrease (95% CI: −1.66, −0.25) in PDI scores 1.51 (−2.69, −0.32 ) 0.10 a Multivariate linear regression models, adjusted for maternal age, pre-pregnancy BMI, maternal education, passive smoking and child sex. b Stratified analyses were adjusted for all the mentioned confounders except child sex. c P-values for the interaction term between prenatal exposures and child sex. Fig. 1 . Trimester-specific phenol exposures and children's MDI: adjusted associations of log 2 -transformed SG-adjusted benzophenone, paraben and TCS concentrations in the 1st, 2nd and 3rd trimester with children's MDI at 2 years of age. Regression coefficients and 95% confidence intervals for associations of log 2 -transformed SG-adjusted benzophenone, paraben and TCS concentrations during pregnancy with MDI were estimated using generalized estimating equations. Models were adjusted for maternal age, pre-pregnancy BMI, maternal education, passive smoking and child sex. Stratified analyses were adjusted for all the mentioned confounders except child sex. *Numeric data are available in Supplementary material, Table S2 . 1.48 (−2.56, −0.41)  −2.96 (−4.48, −1.45 Fig. 2 . Trimester-specific phenol exposures and children's PDI: adjusted associations of log 2 -transformed SG-adjusted benzophenones, paraben and TCS concentrations in the 1st, 2nd and 3rd trimester with children's PDI at 2 years of age. Regression coefficients and 95% confidence intervals for associations of log 2 -transformed SG-adjusted benzophenone, paraben and TCS concentrations during pregnancy with MDI were estimated using generalized estimating equations. Models were adjusted for maternal age, pre-pregnancy BMI, maternal education, passive smoking, and child sex. Stratified analyses were adjusted for all the mentioned confounders except child sex. *Numeric data are available in Supplementary material, Table S3 .
only among boys, and the tests of varying exposure effects were significant (P trimester-int = 0.06).
Discussion
We found that prenatal exposure to BPs and parabens was associated with impairment in children's cognitive abilities at 2 years of age. Specifically, child sex modified the association of the average prenatal 4-OH-BP exposure and PDI, and maternal urinary 4-OH-BP levels were significantly associated with lower PDI scores only among boys. Maternal urinary levels of parabens, including Mep and Σparabens, showed the negative relationships with MDI only among girls, but no effect modification by sex was observed. No significant association was observed between the average prenatal TCS exposure and children's cognitive abilities.
In the present study, higher detection frequencies (66-97%) observed for three BPs, three parabens and TCS indicate that the population in present study is extensively exposed to these environmental phenols (Table 2) . Compared with the maternal urinary concentrations of BP derivatives in previous studies, our population has lower detection rates and median concentration of BP-3 (66-75.6%, 0.40 μg/L) than the pregnant women in the USA (100%, 53.5 μg/L) (Philippat et al., 2013) , France (80.5%, 2.2 μg/L) (Philippat et al., 2014) , and Denmark (92%, 2.59 μg/L) (Krause et al., 2018) . BP-1 had higher detection rates but lower median concentrations than the pregnant women in Denmark (88.7-92.0%, 0.24 μg/L vs. 65%, 0.46 μg/L), while 4-OH-BP had both higher detection rates and concentrations (86.3-86.8%, 0.15 μg/L vs. 21%, < LOD) (Krause et al., 2018) . The average medians of Mep, Etp, Prp, and TCS (16.00, 0.58, 0.83 and 0.45 μg/L) concentrations across pregnancy observed in our study were in the same range compared to Denmark (14, 0.89, 1.7, and 0.64 μg/L) (Frederiksen et al., 2013) , but lower than pregnant women in the USA (279, 1.44, 75.3 , and 17 μg/L) (Jackson-Browne et al., 2018; Pycke et al., 2015) , and France (122, 4.7,17 , and 29 μg/L) (Philippat et al., 2014) .
Two previous studies have investigated the relationships of prenatal BP-3 exposure and children neurodevelopment. Consisted with our results, Nakiwala et al. (2018) found that maternal urinary BP-3 concentration measured between 22 and 29 gestational weeks was not associated with IQ of boys at 5-6 years. However, Philippat et al. (2017) showed maternal urinary BP-3 concentration measured between 22 and 29 gestational weeks was associated with lower SDQ scores at 3 years of age, suggesting higher prenatal BP-3 improved children's behaviors. Differences in BP-3 exposure levels (0.41 vs. 1.2 μg/L), time of exposure (average prenatal, first, second, and third trimester vs. 22 and 29 gestational weeks), and outcome measurements (cognitive functions vs. behavior abilities) may explain the different the findings. However, no prior human study has assessed the association of other two BP derivatives (BP-1 and with 4-OH-BP). Our study showed that the inverse association between 4-OH-BP and PDI was only evident among boys, but not girls, providing the potential evidence of effect modification by child sex. Previous vitro studies observed the estrogenic effects of 4-OH-BP was more estrogenic than BP-3 (Nakagawa and Tayama, 2001; Suzuki et al., 2005) , indicating that this compound is a potential xenoestrogen. In rodents, prenatal low-level xenoestrogen exposure might produce sex-specific structural and behavioral effects through disturbing the balance of prenatal androgen/estrogen (Kubo et al., 2003; Wang et al., 2002) . In addition, one epidemiological study has reported that prenatal xenoestrogen exposure might intervene with the psychomotor development of boys (Vilahur et al., 2014) , which is in line with our results. Due to the lack of comparable prior literature, further researches are needed to explore the neurotoxicity of 4-OH-BP as well as the underlying mechanisms. Philippat et al. (2017) and Nakiwala et al. (2018) have also reported the associations between prenatal paraben exposure and boys' neurodevelopment outcomes. However, in humans, we did not identify any previous studies assessing the associations between parabens and girls' neurodevelopment. Our results have showed inverse associations of the average maternal urinary Mep and Σparabens concentrations with early childhood MDI only among girls. In trimester-specific association analysis, we further found that urinary Mep, Etp, Prp and Σparabens in the second trimester were significantly associated with reduced MDI among girls. In line with our results, one rodent study has found that maternal exposure to parabens impaired social recognition in adult female rats (Kawaguchi et al., 2010) . There are at least two possible biological mechanisms to explain the adverse effects of prenatal paraben exposure on child neurodevelopment. First, previous animal studies have found that prenatal exposure to parabens can induce oxidative stress, mitochondrial dysfunction, neuro-inflammation and alteration in brain neurotransmitters and brain derived neurotrophic factor as observed in rat model with an autistic-spectrum disorder (Ali and Elgoly, 2013; Hegazy et al., 2015) . Second, paraben exposure can indirectly affect child neurodevelopment through disturbing thyroid hormone homeostasis, which play a critical role on fetal brain differentiation and development (Hartoft-Nielsen et al., 2011; Henrichs et al., 2010; Zoeller et al., 2002) . Consistent with our hypothesis, both vitro and animal studies have suggested inverse associations of parabens with thyroid hormones (Pollock et al., 2017; Taxvig et al., 2008; Vo et al., 2010) . There was also evidence of changes in thyroid hormone levels caused by parabens in human studies (Aker et al., 2016; Aker et al., 2018; Berger et al., 2018; Janjua et al., 2007; Koeppe et al., 2013) .
In our study population, no significant association was observed between the average maternal urinary TCS concentration and children's BSID results at 2 years. To date, three cohort studies also found no significant association between prenatal TCS exposure and child neurodevelopment, which are consistent with our results (Braun et al., 2017b; Etzel et al., 2018; Nakiwala et al., 2018) . However, two other studies have reported contrary results. Philippat et al. (2017) found that TCS exposure at 22 and 29 gestational weeks was tended to be negatively associated with child behaviors at 3 years of age among French boys. Jackson-Browne et al. (2018) observed that maternal urinary TCS concentrations at delivery, but not at other times, were associated with significant decreases in cognitive test scores at 8 years of age. The differences in TCS exposure measurements time period and outcome measurements may explain discrepant results. In the trimester-specific analysis, we also found that second-trimester TCS concentration was negatively associated with PDI among boys, and third-trimester TCS concentration was negatively associated with MDI among girls. Given the short half-life of TCS, the result from a single exposure measurement cannot be ruled out potential exposure misclassification caused by random variation. Our findings in trimester-specific analysis need to be confirmed in future studies.
The most notable strength in our analysis was the design of the prospective cohort study and the reliable and accurate exposure assessment by using the repeated measures of urinary environmental phenols during pregnancy. The repeated measures could provide a more precise estimate of the average exposure level during the whole duration of pregnancy and thus reduce the effect of exposure misclassification. It also allowed us to examine potential sensitive windows of exposure during pregnancy. A large number of potential confounders were considered including maternal age, pre-pregnancy BMI, maternal education, passive smoking, and child sex. Moreover, the assessment of child neurocognitive development at 2 years was with strict quality control, and both interviewers and parents were blinded to the mother's urinary BP derivative, paraben and TCS concentrations.
We acknowledge several limitations in our study. First, it is not possible to entirely rule out residual confounding or bias, such as parental behavior and cognitive abilities. Another limitation is the lack of consideration of postnatal exposures. Finally, given the short half-life of phenols and low exposure levels, the results from a single exposure measurement cannot rule out the potential exposure misclassification caused by random variation. Our findings in trimester-specific analysis should be viewed cautiously and warrant further exploration.
Conclusion
In present study, we provided the evidence for that prenatal exposure to BPs and parabens was associated with impairment in child neurocognitive development at 2 years of age. Further human and animal studies are needed to verify our results and elucidate the biological mechanisms involved in these associations.
